We show that addition of SR proteins to in vitro splicing extracts results in a significant increase in assembly of the earliest prespliceosomal complex E and a corresponding decrease in assembly of the heterogeneous nuclear ribonucleoprotein (hnRNP) complex H. In addition, SR proteins promote formation of the E5' and E3' complexes that assemble on RNAs containing only 5' and 3' splice sites, respectively. We conclude that SR proteins promote the earliest specific recognition of both the 5' and 3' splice sites and are limiting for this function in HeLa nuclear extracts. Using UV cross-linking, we demonstrate specific, splice site-dependent RNA-protein interactions of SR proteins in the E, E5', and E3' complexes. SR proteins do not UV cross-link in the H complex, and conversely, hnRNP cross-linking is largely excluded from the E-type complexes. We also show that a discrete complex resembling the E5' complex assembles on both purine-rich and non-purine-rich exonic splicing enhancers. This complex, which we have designated the Enhancer complex, contains Ul small nuclear RNP (snRNP) and is associated with different SR protein family members, depending on the sequence of the enhancer. We propose that both downstream 5' splice site enhancers and exonic enhancers function by establishing a network of pre-mRNA-protein and protein-protein interactions involving Ul snRNP, SR proteins, and U2AF that is similar to the interactions that bring the 5' and 3' splice sites together in the E complex.
Most pre-mRNAs in metazoans are highly complex, containing numerous 5' and 3' splice sites that are often alternatively spliced to generate multiple mRNAs from a single pre-mRNA. The splicing reaction requires sequence elements located at the 5' and 3' splice sites and at the branchpoint sequence. However, in most of the complex pre-mRNAs in higher eukaryotes, these intronic sequences are not well conserved and thus are not sufficient for specifying the 5' and 3' splice sites. A general role for exon sequences in splicing was revealed in studies showing that normal 5' or 3' splice sites are often not used when the exon sequences are substituted with a variety of random sequences (17, 44) or when the splice sites are inserted into different locations in the pre-mRNA (41) . In addition to playing a fundamental role in the splicing of constitutively spliced pre-mRNAs, exon sequences are also essential for alternative splice site selection (6, 7, 12, 20-22, 26, 27, 34-36, 40, 46, 50, 52, 58) .
Although a central role for exon sequences in splicing has been known for some time, only recently have these sequences begun to be defined (59, 61) . Several pre-mRNAs contain an exonic element required for splicing the upstream intron; these elements, designated splicing enhancers, can potently stimulate splicing of pre-mRNAs containing poorly conserved splice site sequences (8, 33, 53, 55-57, 59, 61) . All of the constitutive exonic enhancers characterized thus far consist of purine-rich sequences (55, 59) , but the precise sequences required for enhancer activity are not yet defined. In addition to the exonic enhancers, enhancer activity can also be conferred by a 5' splice site located on the downstream side of an exon (hereafter this element is referred to as a downstream 5' splice site [Ds 5 'ss] enhancer) (31, 47, 54) . Both the exonic and the Ds 5'ss enhancers stimulate splicing of the upstream intron, and in general, it appears that increasing the match of the intronic 5' or 3' splice site sequences to the respective consensus sequences abrogates the requirement for the enhancers (24, 56) . Moreover, under appropriate conditions, the different classes of enhancers can functionally substitute for one another (8, 33, 55, 59 Members of the SR family of essential splicing factors have been shown to bind to three different exonic enhancers (33, 53, 57) and to be essential for enhancer function (53, 57) . The SR proteins comprise a structurally related family of at least six proteins (SRp2O, SRp3Oa [SF2/ASFI, SRp3Ob [SC35], SRp4O , SRpS5, and SRp75) with partially overlapping functions (14, 16, 18, 29, 48, 57, 62, 63) . U1 small nuclear RNA (snRNA) has been found to cross-link to another exonic enhancer (59) , and the Ul small nuclear ribonucleoprotein particle (snRNP) binds to, and is required for the function of, Ds 5'ss enhancers (23, 31, 47) . No studies have been done to determine whether both Ul snRNP and SR proteins are present on the same exonic enhancer. Similarly, it is not known whether SR proteins are involved in the function of Ds 5'ss enhancers.
Pre-mRNA is committed to the spliceosome assembly pathway in the prespliceosomal complex E (25, 38, 39, 49) . The 5' and 3' splice sites are first functionally associated with one another in the E complex (25, 39, 49) , and this interaction is thought to involve Ul snRNP bound to the 5' splice site and U2AF bound to the 3' splice site (39, 49, 64, 65) . It has been proposed that SR proteins mediate the interactions between these components in the E complex (60) . This proposal was based on the demonstration that SR proteins can interact via protein-protein interactions with one another (2, 60) , with the Ul snRNP component Ul 70K (28, 60) , and with U2AF35 (60) .
In addition, SR proteins are required for assembly of the A complex (13, 29) and are thought to mediate interactions between the 5' and 3' splice sites in the A complex (15) . However, it has not yet been determined whether SR proteins are present in the E complex or whether they play a role in assembly of the E complex. SR proteins have been shown to stimulate binding of U1 snRNP to the 5' splice site (10, 28) , but how this relates to the spliceosome assembly pathway is not known. Finally, in the presence of excess competitor RNA, pre-mRNA that is prebound to SR proteins is spliced more efficiently than naked pre-mRNA (11) . However, the step in spliceosome assembly at which the prebound SR proteins first function was not addressed in these studies (11) .
In this study, we show that SR proteins promote formation of theE complex and specifically UV cross-link to pre-mRNA in the E complex. We find that SR proteins not only promote Ul snRNP binding to the 5' splice site (10, 28) but also promote U2AF binding to and Ul snRNP association with the 3' splice site. These data, together with previous work (2, 10, 28, 39, 60, 65) , support the proposal that the 5' and 3' splice sites are brought together in the E complex via a network of interactions involving Ul snRNP, U2AF, and SR proteins. These interactions involve not only protein-protein interactions of SR proteins (2, 28, 60) Bennett et al. (3) . DNAs were linearized with BamHI for transcription. pAdS', which contains exon 1 and the 5' portion of the adenovirus major late (AdML) intron, was linearized with XhoI (39) . pAdA5' and pAdA3', which contain substitutions of the 5' and 3' splice sites in pAdS' and pAd3', respectively, have been described by Michaud and Reed (39) .
The pAdA5' 5' splice site sequence is ATTGGAGCCAC. In pAdA3, eight consecutive T residues in the 3' splice site (+ 155 to 162 in AdML) are changed to GTGATCAC. pAdA5' and pAdA3' were linearized with XhoI and BamHI, respectively. pFP and pFPD (gifts from F. Rottman, Case Western Reserve University, Cleveland, Ohio) were linearized with BamHI (53) . pFtz (a gift from D. Rio, University of California, Berkeley) was linearized with XhoI. pASLV and pASLV-6U were constructed by ligating oligonucleotides (see Fig. 8 for sequences) into the BglII and EcoRI sites of pSP72 (Promega Biotec). Plasmids were linearized with EcoRI. pDsx (a gift from T. Maniatis, Harvard University, Cambridge, Mass.) was linearized with BamHI. pDsx-ASLV and pDsx-ASLV-6U were constructed by ligating blunted oligonucleotides (see Fig. 8 30 ,ul of 20% SDS and 3 ,ul of 2 M dithiothreitol were then added, and proteins were heated at 65°C for 5 min. Glycogen (2 pL1 as carrier) and 4 volumes of acetone were added, and samples were left at room temperature for 10 min and then spun for 10 min at room temperature. Recovered proteins were immediately dissolved in SDS or 2D sample buffer (8 M urea, 1.7% Nonidet P-40, 1.7% pH 3 to 10 ampholytes [Bio-Rad]) and stored at -70°C or loaded directly onto gels. 2D gel electrophoresis was carried out as described previously (3). The first dimension was nonequilibrium pH gradient gel electrophoresis (pH 3 to 10 ampholytes [Bio-Rad]), and the second dimension was SDS-PAGE (9.5% polyacrylamide gel) as indicated.
Cross-linked proteins were detected by Phosphorlmager analysis (Molecular Dynamics).
Immunoprecipitation of complexes. A Ul 70K monoclonal antibody (MAb) was coupled to protein A-Trisacryl beads by using a rabbit anti-mouse secondary antibody. The coupled beads were then mixed for 4.5 h at 4°C with gel filtration fractions containing splicing complexes. The rabbit anti-mouse antibody was used as a control. After the immunoprecipitates were washed with 125 mM NaCl-20 mM Tris (pH 7.6), total RNA was prepared and analyzed on an 8% denaturing polyacrylamide gel. RESULTS SR proteins promote the earliest specific recognition of the pre-mRNA. To determine whether SR proteins play a role in E complex assembly, we compared E complex assembly in nor-VOL. 14, 1994 mal nuclear extracts versus extracts supplemented with recombinant SC35 (Fig. 1) . In the absence of added SC35, the E complex is detected as a shoulder on the H complex peak (Fig.  1A , AdML, -SC35 [38, 43] ). In contrast, in SC35-supplemented extracts, the E complex is detected as a distinct peak, and the H complex is barely detected (Fig. 1A , AdML, +SC35). We did not observe a further increase in the levels of the E complex when more SC35 was added to the nuclear extract, and less stimulation was observed when less SC35 was added (see Materials and Methods). Importantly, analysis of the E complex assembled in SC35-supplemented extracts by 2D gel electrophoresis revealed that it has the same protein composition as that of the E complex assembled in normal nuclear extracts (Fig. 1B [39] ). Thus, the complex assembled in SC35-supplemented extracts is the E complex and not, for example, an aggregation of SR proteins. Further support for this conclusion is the observation that AdML pre-mRNA incubated with SC35 alone (in the absence of nuclear extract) elutes between the H complex and the degraded RNA on the gel filtration column (data not shown).
The increase in E complex assembly is dependent on the addition of SC35, as no increase was observed when equivalent levels of other recombinant proteins, such as the A complex component SAP 61, were used (reference 5 and data not shown). On the basis of these data, we conclude that SC35 is a limiting factor for E complex assembly on AdML pre-mRNA. The significant stimulation of E complex assembly by SC35 (Fig. 1A) is observed reproducibly and in several independent preparations of nuclear extracts (data not shown). We note that we find no difference in the efficiency of E complex assembly whether the pre-mRNA is preincubated with SC35 or just added directly to nuclear extracts containing the additional SC35 (data not shown).
For technical reasons, we were unable to use SC35-immunodepleted extracts to demonstrate an absolute requirement for SC35 in E complex assembly. We found that mockdepleted extracts alone were unable to support significant levels of E complex assembly (data not shown), most likely because the treatment involved in immunodepletion partially inactivates other factors required for E complex assembly. This was probably not a problem in the reported immunodepletionreconstitution studies because the splicing assays used previously are much more sensitive than the gel filtration assay used for E complex assembly ( Fig. 1A [13] ). S100 extracts were also not useful for our studies because spliceosomal complexes in general (A and B complexes) do not accumulate to high levels in S100 extracts supplemented with SR proteins (29) Complex assembly reactions were 100 ,ul. (B) The sizes of the intron and exon in Ad3' RNA are shown. BPS, branchpoint sequence. 32P-labeled Ad3' RNA (20 ng) was incubated in normal nuclear extracts (Ad3'), extracts preincubated with 100 ng of cold AdS' competitor RNA (Ad3'+Ad5'), or extracts preincubated with cold AdS' competitor RNA (100 ng) and SC35 (Ad3'+AdS'+SC35). Complex assembly reactions were 100 .1l. The E3', E5', and H complexes are indicated.
for the function of SC35 in E complex assembly. Previous work showed that ATP-independent complexes, designated E5' and E3', assemble on AdS' and Ad3' RNAs, which contain only a 5' and only a 3' splice site, respectively (39) . The 5' splice site is required for E5' assembly, and the 3' splice site is required for E3' assembly. Thus, to identify the pre-mRNA sequences required for SC35 function, we analyzed E5' and E3' complex assembly in normal versus SC35-supplemented nuclear extracts (Fig. 2) . Significantly, we observe that E5' complex assembly is stimulated in SC35-supplemented extracts relative to normal nuclear extracts ( Fig. 2A; 14, 1994 7674 STAKNIS AND REED tion raised the possibility that another factor, such as U2AF, could be limiting for E3' complex assembly. Thus, to determine whether SC35 is required for E3' assembly, we used AdS' RNA as a cold competitor to titrate the SC35 in the E3' complex assembly reaction (as shown in Fig. 2A, SC35 is the limiting factor for complex assembly on AdS' RNA). We first determined the amount of Ad3' RNA that would assemble efficiently into the E3' complex (Fig. 2B, Ad3' ). We then examined whether the addition of AdS' RNA as a cold competitor would decrease the efficiency of E3' complex assembly. Significantly, we found that the E3'-to-H complex ratio was indeed reduced by the addition of the cold Ad5' RNA (Fig. 2B, Ad3'+Ad5') . Moreover, the addition of SC35 to the reaction mixture containing both the competitor and Ad3' RNA resulted in a significant increase in the E3'-to-H complex ratio (Fig. 2B , Ad3' +Ad5' +SC35). We conclude that SC35 promotes E3' complex assembly.
In extracts not supplemented with SC35, the ratio of the E-type complexes (E, E5', and E3') to H complex is much lower than in the SC35-supplemented extracts ( Fig, 1 and 2 ). This observation indicates that SC35 promotes formation of the earliest detectable specific complexes during spliceosome assembly. Moreover, our data lead to the conclusion that in the absence of SR protein activity, only the H complex assembles on pre-mRNA.
Distinct sets of proteins cross-link to pre-mRNA in the E and H complexes. In previous work, we purified the H, E, A, B, and C spliceosomal complexes by using a two-step procedure in which complexes assembled on biotinylated pre-mRNA were isolated by gel filtration followed by avidin affinity chromatography (3, 4, 19, 43) . Although several essential splicing factors and snRNPs are present in these complexes, no SR proteins were detected with UV cross-linking, silver staining, or Western blot (immunoblot) analysis as the assay (3, 51) . Thus, it is possible that the SR proteins dissociate during purification of the complexes. As all of the complexes are functional when isolated by gel filtration (38, 45) , we thought it possible that the SR proteins remain associated with the gel filtration-purified complexes. However, these complexes are only partially purified. Thus, to identify proteins specifically associated with complexes assembled on exogenously added pre-mRNA, we used UV cross-linking as an assay. Several studies have shown that purified SR proteins UV cross-link to naked RNA (29, 53) .
In initial studies, in which the E complex was isolated by gel filtration, UV irradiated, and then affinity purified, we observed high levels of contamination with the H complex, which fractionates very close to the E complex and is affinity purified with much higher efficiencies than the E complex (data not shown). To complexity of both the H and E complexes is greater when UV irradiated in the nuclear extract, the cross-linked H complex proteins are nevertheless largely excluded from the E complex and vice versa (see Fig. 3B for a darker exposure of the gel shown in Fig. 3A) . We conclude that the exclusion of hnRNP cross-linking from the E complex occurs in the nuclear extract during complex assembly and not during purification of the complexes.
Previous work showed that hnRNPs UV cross-link in affinity-purified H complex but cross-link at much lower levels in affinity-purified B complex (51) . Because of the technical difficulty of isolating affinity-purified E complex that lacks high levels of contaminating H complex (see above), we were previously unable to determine whether the hnRNPs were lacking in the E complex (51 (3, 51) .
Western analysis using antibodies to U2AF65, U2AF35, and Ul 70K show that these splicing factors are lacking from affinitypurified H complex (4a). These data, together with previous work (4), indicate that the H complex contains hnRNPs and lacks splicing factors. We conclude that the RNA can be assembled into two largely distinct complexes (E and H) in the absence of ATP.
SR proteins cross-link to pre-mRNA in the E complex. Proteins of 20 and 30 kDa UV cross-link to pre-mRNA in the E complex, irradiated either before or after gel filtration, but do not cross-link in affinity-purified E complex (Fig. 3 [51] ). On the basis of their absence from the affinity-purified complexes and their fractionation behavior on 2D gels (Fig. 3C [3] ), we thought it possible that these proteins corresponded to SR proteins. To test this possibility, we UV cross-linked total purified HeLa cell SR proteins (SRp2O, -30, -40, -55, and -75) to 32P-labeled AdML pre-mRNA, treated the preparations with RNase, and then fractionated the proteins on an SDS-gel in parallel with cross-linked E complex proteins. These data show that purified SRp3O and SRp2O cross-link to naked AdML pre-mRNA with the highest efficiency (Fig. 4A , lane SR; see Fig. 4B , lane SR, for a darker exposure). Of these, the SRp3O band cofractionates with the 30-kDa E complex protein, whereas the SRp2O band fractionates slightly above the 20-kDa E complex protein ( Fig. 4A and B; compare lanes E and SR).
Comparison of the cross-linked E complex and SR proteins on a 2D gel shows that the 30-kDa E complex protein cofractionates with SRp3O (compare Fig. 4C and D) . The 20-kDa E complex protein fractionated as a streak in this experiment, making it difficult to compare it with SRp2O ( Fig.  4C and D) . However, in other experiments, the 20-kDa E complex protein appears as a discrete spot that fractionates in the same position as SR proteins in the isofocusing dimension ( Fig. 3C and other examples below [3] Fig. 2 for the structures of the RNAs). In addition, we examined the cross-linking of the H complexes assembled on these RNAs. As was observed with AdML RNA containing both 5' and 3' splice sites, the UV cross-linking patterns of the H and E complexes are distinct from one another (Fig. 5A [compare lanes H5' and E5'] and B [compare lanes H3' and E3']). We found that SRp2O and SRp3O cross-link in the E5' complex, whereas only SRp3O cross-links in the E3' complex ( Fig. 5A and B ; compare lanes E5' and E3').
To determine whether the splice sites present in Ad5' and Ad3' RNAs are required for the SR protein cross-linking, we examined AdA5' and AdA&3' RNAs, which contain substitutions of the 5' and 3' splice site sequences, respectively (see Materials and Methods). Previous work showed that these RNAs both assemble into complexes that fractionate in the position of the H complex (39) . Significantly, neither SRp2O nor SRp3O UV cross-links in the H complexes assembled on AdA5' or AdA3' RNA (Fig. SC, lanes A5' and A3') . Thus, the 3' splice site is essential for SR cross-linking to Ad3' RNA, and the 5' splice site is essential for SR cross-linking to Ad5' RNA. The requirement of the respective splice sites for SR crosslinking in the E3' and E5' complexes strongly indicates that the cross-linking of the SR proteins is functionally significant. Purified hnRNPs alone (reviewed in reference 9) or purified SR proteins alone (reference 29 and this study) cross-link readily to RNA. Thus, the observation that SR protein crosslinking is specifically excluded from the H complex assembled on RNAs lacking splice sites indicates that the SR proteins and VOL. 14 ated by gel filtration (Fig. 6) . Analysis of the UV cross-linking patterns by SDS-PAGE and on 2D gels revealed that both SRp2O and SRp3O cross-link in the B complexes ( Fig. 6A and   B and data not shown). As expected from the results with the E complex (Fig. 2) , we also find that the efficiencies of B _MIb complex assembly (Fig. 6C) However, previous work showed that SR proteins also bind specifically to purine-rich exonic enhancers and to the doublesex (dsx) enhancer, both of which lack splice sites (33, 53, 57) . The observation that the SR proteins stimulate complex assembly on Ad5' and Ad3' RNAs raised the possibility that the SR proteins also stimulate complex assembly on purinerich enhancers. To test this possibility, we incubated the exonic enhancer element from bovine growth hormone (53) (designated FP) or a control RNA containing exon sequences that lack the FP element (FPD) in nuclear extracts and fractionated the reactions by gel filtration (Fig. 7) (Fig. 7B and C) . In contrast to a previous study (53), we find that SRp2O and SRp4O also UV cross-link in the Enh complex ( Fig. 7C ; SRp40 was identified by comparison with purified SRp4O on 2D gels [3] ). This discrepancy may result from differences in the levels of the SR proteins in different extracts. In addition to the SR proteins, hnRNP A (reference 53 and this study) and other hnRNPs (indicated by arrows in Fig. 7C ) cross-link in the Enh complex. As expected, the levels of these hnRNPs are much lower than in the H complex assembled on FP RNA (data not shown). hnRNPs, but no SR proteins, cross-link to the FPD RNA in the H complex ( Fig. 7B and C) . We conclude that a discrete complex containing SR proteins assembles on an RNA containing a splicing enhancer. Moreover, the assembly of the Enh complex correlates with enhancer activity, as the FP RNA assembles the Enh complex and has enhancer activity, whereas the FPD RNA does not assemble the Enh complex and has no enhancer activity (Fig. 7A [53] ). Addition of increasing amounts of FP RNA to splicing extracts decreases the ratio of the Enh to the H complex (Fig. 7A , FP RNA; compare 10, 20, and 50 ng). These data most likely indicate that, as observed with E complex assembly (Fig. 1) , the SR proteins are limiting for Enh complex assembly. This results in the cross-linking of hnRNPs and formation of the H complex on the excess FP RNA. The ASLV and ASLV-6U sequences shown in panel A were inserted at the 3' end of dsx pre-mRNA (indicated by the black box in the schematic) to generate Dsx-ASLV and Dsx-ASLV-6U pre-mRNAs, respectively. These pre-mRNAs and dsx pre-mRNA lacking the enhancers were incubated under splicing conditions for the times indicated (in hours), and total RNA was analyzed on an 8% denaturing polyacrylamide gel. The bands corresponding to pre-mRNA and mRNA are indicated.
To determine whether assembly of the Enh complex occurs generally on purine-rich exonic enhancers, we examined complex assembly on the enhancer element from avian sarcomaleukosis virus (ASLV) pre-mRNA, which is among the most potent of several purine-rich splicing enhancers (55) . The sequence of this RNA (52 nt) is shown in Fig. 8A . Significantly, we found that the ASLV RNA also assembles into the Enh complex (Fig. 8B) . However, in contrast to the FP Enh complex (Fig. 8C, FP, Enh) , SRp4O, and a small amount of SRp3O or SRp2O, UV cross-links in the ASLV Enh complex (Fig. 8C and D, ASLV, Enh) . We conclude that different SR proteins cross-link to the RNA in ASLV versus FP Enh complexes. The other major cross-linked band in the ASLV Enh complex is hnRNP A (Fig. 8D, ASLV) .
To analyze the sequence requirements for assembly of the ASLV Enh complex, we introduced six U residues into the purine-rich sequence ( Fig. 8A ; compare ASLV-6U and ASLV). The rationale for the U substitutions was based on a previous study which showed that substitution of U residues for C residues in the immunoglobulin M purine-rich enhancer drastically decreases its activity (55) . Unexpectedly, we found that the Enh complex assembles quite efficiently on ASLV-6U RNA ( Fig. 8B ; compare ASLV and ASLV-6U). However, in contrast to ASLV RNA, SRp3O cross-links to ASLV-6U RNA, and the levels of SRp4O cross-linking are greatly diminished ( Fig. 8C and D ; compare ASLV and ASLV-6U). Thus, the six U substitutions have a relatively minor effect on Enh complex formation but a major effect on the SR protein family member that cross-links. We note that all of the RNAs in the crosslinking studies were synthesized in transcription reaction mixtures containing all four 32P-labeled nucleotides (G, A, U, and C). Thus, the differences in cross-linking are not likely to be due to differences in the distribution of labeled nucleotides in the RNA. In addition, competition studies using the ASLV and ASLV-6U RNAs to compete against one another for Enh complex assembly indicate that the differences in SR protein cross-linking reflect actual differences in SR protein binding (data not shown). To determine whether there is a coI hancer function and Enh complex form, ASLV-6U RNAs, we inserted these seqt the 3' exon in dsx pre-mRNA. This pre-m 3' splice site, and in the absence of an mRNA is detected after 1.5 or 2.5 h splicing conditions (Fig. 8E , dsx, lanes 1. contrast, as shown previously (55) , dsx the ASLV enhancer is efficiently spliced lanes 1.5 and 2.5). Significantly, the dsx l splices almost as efficiently as the dsx A' 8E, dsx-ASLV-6U, lanes 1.5 and 2.5 together with the data on the FP enhanc between assembly of the Enh complex; activity. Moreover, the data provide a differential cross-linking of SR proteir different RNA sequences: only a 6-n enhancer was sufficient to cause a sx" SRp3O. Finally, the ASLV-6U enhanc purine-rich stretches (Fig. 8A, ASLV- (Fig. 10) (28, 60) . SR enhancer, no spliced proteins also interact with one another directly (2, 60). In of incubation under addition to these protein-protein interactions, our data indi-5 and 2.5; [55] [56] [57] ). In cate that SR proteins (SRp3O and SRp20) UV cross-link to the )re-mRNA containing RNA in the E5' complex and that the 5' splice site is essential I (Fig. 8E, AdML E complex interactions in the E3' complex are depicted in Fig. 10 .
on FP, ASLV, and The levels of SR proteins in nuclear extracts can affect ntrast, only low levels selection of both the 5' and 3' splice sites in pre-mRNAs lion for the H complex containing alternative splice sites (16, 18, 30, 63) . Our obser-LV-6U RNAs (Fig. 9, vation that increased levels of SR proteins in nuclear extracts complexes were not stimulate E complex assembly on the 3' as well as the 5' splice itrol antibody (Fig. 9) .
site suggests that the function of SR proteins in alternative NA were found to be splice site selection occurs at the time of E complex assembly.
ied E3' complex (39 spliced with higher efficiency than naked pre-mRNA (11) . Our data indicate that the increased splicing efficiency observed with the pre-mRNA pre-bound to SR proteins is due to the promotion of E versus H complex assembly. Evidence that a general complex assembles on exonic and Ds 5'ss enhancers. Previous work showed that the SR protein SC35 is essential for the activity of a splicing enhancer involved in alternative splicing of Drosophila dsx pre-mRNA. SC35, together with two dsx-specific regulatory proteins (tra and tra 2) and several other SR proteins, form a large complex on the dsx exonic enhancer element (57) . In another study, the SR protein SF2/ASF was shown to specifically bind and UV crosslink to a purine-rich enhancer (designated the FP element) in bovine growth hormone pre-mRNA and to be essential for enhancer function (53) . Finally, at least one member of the SR family binds to the purine-rich enhancer in fibronectin pre-mRNA, though a role for these proteins in enhancer function has not been demonstrated (33) . Other than the SR proteins, Ul snRNA was found to UV cross-link to another purine-rich exonic enhancer (59) , and Ul snRNP binds to, and is required for the function of, Ds 5'ss enhancers (23, 31, 47) .
Our data establish links between the previous observations by revealing that a specific complex containing both Ul snRNP and SR proteins assembles on purine-rich exonic enhancers (the Enh complex) as well as on RNAs containing a 5' splice site alone (the E5' complex). These data provide a likely explanation for the observation that purine-rich exonic enhancers and Ds 5'ss enhancers can functionally substitute for one another to stimulate splicing (8, 33, 59) . Different SR proteins cross-link to different purine-rich enhancers (references 53 and 57 and this study). For example, SRp4O crosslinks to the ASLV enhancer, whereas high levels of SRp3O and lower levels of SRp2O and SRp4O cross-link to the FP enhancer. The observation that different SR proteins cross-link to different enhancers correlates with previous data showing distinct activities for the various SR proteins (11, 53, 57, 63) .
Model for splicing enhancer function. On the basis of our data and previous studies (2, 23, 31, 33, 47, 53-57, 59, 60) , we propose that splicing enhancers function by promoting the assembly of a complex on pre-mRNAs containing weak 5' or 3' splice sites that resembles the E complex assembled on premRNAs containing strong splice sites (Fig. 10) . In pre-mRNAs containing strong splice sites, such as AdML pre-mRNA, Ul snRNP, U2AF, and SR proteins recognize and bring the splice sites together in the E complex, and enhancers are not required (Fig. 10, E complex) . However, in pre-mRNAs containing a weak 3' splice site and an exonic enhancer, the Enh complex assembles, and the same network of interactions that occurs between the 5' and 3' splice sites in the E complex takes place between the enhancer and the 3' splice site [ Fig. 10 , exonic enhancer (weak 3' ss)]. This functions to promote U2AF binding on the 3' splice site. As depicted in Fig. 10 (23, 31) . A number of observations are consistent with the possibility that exonic enhancers also promote U2AF65 binding. Specifically, the immunoglobulin M purinerich enhancer stimulates A complex assembly (59) , and the fibronectin purine-rich enhancer promotes U2 snRNP binding (33) , on pre-mRNAs containing a weak 3' splice site. U2AF binding is known to be a prerequisite for A complex assembly and to occur inefficiently on weak 3' splice sites (64, 65) .
In the case of a weak 5' splice site, interactions between the Enh complex and the 3' splice site may also promote stable binding of U2AF on the 3' splice site [ Fig. 10 (55) . This observation suggests that there may be an entire spectrum of enhancer strengths, ranging from potent enhancers in certain alternatively spliced pre-mRNAs with extremely weak splice sites to less potent enhancers in constitutively spliced pre-mRNAs with better splice sites. Our data indicate that, in addition to purine-rich enhancers, non-purine-rich sequences can function as constitutive splicing enhancers. Thus, taken together, the data indicate that exonic splicing enhancers, consisting of a variety of specific purine-rich and non-purine-rich sequences, vary in potency and function via differential interactions with members of the SR protein family.
